The initial aim of this study was to identify novel serum diagnostic markers for the human ovarian granulosa cell tumor (GCT), a tumor that represents up to 5% of all ovarian cancers. To circumvent the paucity of human tissues available for analyses, we used the Ctnnb1 tm1Mmt/+ ;Pten tm1Hwu/tmiHwu ;Amhr2 tm3(cre)Bhr/+ transgenic mouse model, which features the constitutive activation of CTNNB1 signaling combined with the loss of Pten in granulosa cells and develops GCTs that mimic aggressive forms of the human disease. Proteomic profiling by mass spectrometry showed that vinculin, enolase 1, several heat shock proteins, and valosin containing protein (VCP) were more abundantly secreted by cultured mouse GCT cells compared to primary cultured GC. Among these proteins, only VCP was present in significantly increased levels in the preoperative serum of GCT cancer patients compared to normal subjects. To determine the specificity of VCP, serum levels were also measured in ovarian carcinoma, non-Hodgkin's lymphoma and breast, colon, pancreatic, lung, and prostate cancer patients. Increased serum VCP levels were observed in the majority of cancer cases, with the exception of patients with lung or prostate cancer. Moreover, serum VCP levels were increased in some GCT, ovarian carcinoma, breast cancer, and colon cancer patients who did not otherwise display increased levels of widely used serum tumor markers for their cancer type (e.g. inhibin A, inhibin B, CA125, CEA, or CA15.3). These results demonstrate the potential use of VCP as highly sensitive serum marker for GCT as well as several other human cancers.
Introduction
Serum markers are of considerable value for the clinical screening, diagnosis, and follow-up of cancers. An ideal marker should have high sensitivity and/or high specificity, in order to discriminate cancer patients from healthy subjects as well as from patients with benign tumors or unrelated conditions. Most currently used serum markers are hormones, glycoproteins, or other proteins overexpressed by cancer cells. These markers are usually not specific to a unique cancer type and sometimes lack sensitivity [1] . Several strategies have been recently proposed to identify new serum tumor markers [2] . Differential proteomic analyses of serum specimens from cancer patients and healthy subjects are approaches of choice, but are hampered by the paucity of material in rare cancers as well as by the difficulty in detecting proteins that are expressed at low levels compared to abundant normal serum proteins. An alternative two-step approach involves the initial identification of proteins that are differentially expressed and/or secreted between normal and tumor cells, followed by the identification of these proteins in the serum of cancer patients. This approach ideally requires the isolation of primary tumor cells and corresponding normal cells. In this context, the use of relevant animal models of tumor development can provide essential starting materials for proteomic or genomic analysis, and lead to the identification of tumorspecific candidate proteins or genes whose expression can be then be investigated in human samples, as demonstrated in ovarian cancer [3, 4, 5] .
The ovarian granulosa cell tumor (GCT) is the most prevalent of the sex cord/stromal subgroup of ovarian tumors in women, and is thought to represent up to 5% of all ovarian cancers. Over the past few years, our group has focused on the elucidation of the molecular etiology of human GCT, as well as on the creation of relevant animal GCT models. We found evidence that misregulation of both the WNT/CTNNB1 (ß-catenin) and PI3K/AKT signaling pathways occur in human GCT [6, 7] . Transgenic mice with constitutive activation of CTNNB1 in granulosa cells (GC, Ctnnb1 tm1Mmt/+ ;Amhr2 tm3(cre)Bhr/+ ) develop precancerous ovarian lesions that often progress into GCT later in life [6] . The loss of the PI3K/AKT signaling antagonist gene Pten in GC rarely causes GCT, but concomitant activation of CTNNB1 and loss of Pten in the Ctnnb1 tm1Mmt/+ ;Pten tm1Hwu/tm1Hwu ;Amhr2 tm3(cre)Bhr/+ (CPA) model results in the development of aggressive, metastatic GCT with 100% penetrance [7] . We have proposed that the CPA mouse is the best model currently available for the analysis of GCT biology as well as for preclinical animal studies aimed at developing novel therapeutic interventions and/or diagnostic tools.
We hypothesized that the CPA mouse model could be used for the identification of differentially expressed, GCT-associated proteins, and that these would translate to clinically useful novel serum diagnostic markers of the human disease. Here we present a differential secretome analysis comparing primary cultured GC from normal mice to GCT cells from CPA mice. This approach led to the identification of vasolin containing protein (VCP) as a potentially clinically relevant serum marker for human GCT, as well as for other forms of cancer.
Results

Identification of proteins secreted selectively in mouse GCT
Proteomic profiling was used with the objective of identifying secreted proteins that could represent new serum diagnostic markers specific for GCT. Spent culture media were obtained from cultured GCT cells from CPA mice or from normal GC from eCG-stimulated ovaries. Proteins from the media were separated by SDS-PAGE and fourteen protein bands observed in GCT but not in GC medium were subjected to mass spectrometry analysis ( Figure 1 ). This process identified a number of proteins that were more abundantly secreted or shed by GCT cells relative to normal GC (Table 1) . VCL, ENO1, several heat shock proteins (HSPA8/ HSC70, the constitutive and inducible HSP90 alpha isoforms HSP90ab1 and HSP90aa1, and HSPA4), and VCP were the most consistently identified proteins from the GCT secretome.
VCP is a serum marker for GCT and other cancer types
We next investigated whether the proteins secreted by GCT cells from CPA mice could serve as serum markers in human GCT patients. Human homologs of nine proteins identified in the secretome analyses (B2M, CTSB, HSPA4/HSP70, HSP90, SPARC, TIMP-2, VCP, VCL, and WIF-1) were selected for further study based on known gene functions and antibody availability. Serum samples were obtained from healthy volunteers and from patients with GCT prior to treatment. No significant differences in the levels of B2M, CTSB, HSP90, SPARC, TIMP-2, VCL or WIF-1 were observed by immunoblot analyses in the serum of GCT patients compared to healthy subjects (data not shown). Marginally increased levels of HSP4A were observed in the serum of some GCT patients compared to normal subjects, however the differences were not statically significant, and deemed unlikely to be clinically useful (Figure 2A ). VCP levels were low in immunoblot analyses of serum samples from healthy subjects, but were significantly increased in the majority of serum samples from GCT patients (P,0.05). With a reference value for VCP levels set at the mean of immunoblot band intensity values of the healthy controls plus twice the standard deviation, we observed that 8 out of 9 women with GCT displayed increased serum VCP levels ( Figure 2B , Table 2 ). To determine the specificity of VCP as a tumor marker for GCT, serum VCP levels were assessed in patients with ovarian carcinomas, as well as in small cohorts of patients with major non-ovarian cancers of known histology and grade (Table 3) . Surprisingly, elevated serum VCP levels were detected in clinically significant proportions of patients with ovarian carcinoma (8 of 8), breast cancer (5 of 12), colon cancer (7 of 12), pancreatic cancer (8 of 12) or non-Hodgkin's lymphoma (5 of 12) ( Figure 2B and Table 3 ). However, serum VCP levels were not meaningfully increased in patients with lung or prostate cancer.
Specificity and sensitivity of VCP relative to widely-used serum diagnostic markers
We next compared the relevancy of VCP to that of other commonly-used serum diagnostic markers for various cancer types. Presently, the most useful serum markers for GCT in postmenopausal women are inhibin A and inhibin B [8] . In our cohort, inhibin A and inhibin B serum levels were increased in 5 out 9 and 7 out of 9 of patients with GCT (Table 2), respectively. There was no clear correlation between preoperative levels of inhibin A, inhibin B and VCP in GCT patients, nevertheless one patient had undetectable serum levels of inhibin A and inhibin B but highly increased levels of VCP ( Table 2 ). The sensitivity of VCP therefore appears to compare favorably to that of the inhibins, and VCP could serve to identify rare inhibin-negative GCT patients. Serum CA125 is increased in approximately 50% of women with early ovarian carcinoma and in over 80% of women with advanced disease and is useful for monitoring therapy [9] . In our small ovarian carcinoma cohort, 4 of 8 patients tested positive for CA125, whereas VCP measurement detected cancer in all patients, including those negative for CA125 ( Figure 3 ). CEA is the most widely used serum tumor marker for colon cancer. Serum CEA is elevated in less than 25% of early stage colon cancer and 75% of late-stage cancer and is useful for determining prognosis, monitoring therapy and surveillance [10] . In the 12 colon cancer patients that we tested, 5 were positive for CEA. VCP measurement detected cancer in all CEA-positive patients, in addition to two that were CEA-negative ( Figure 3 ). CEA and CA15.3 are the most commonly used serum markers for breast cancer. Assessment of these markers is not recommended for prognosis but rather for postoperative follow-up as well as monitoring in advanced diseases [10] . In the 12-case cohort that we examined, 3 patients tested positive for either CEA or CA15.3, with the remainder negative for both. VCP levels were elevated in all three patients that were CEA-or CA15.3-positive, and also in three patients that were negative for both markers ( Figure 3 ). Thus, VCP serum levels were significantly increased in the majority of the tested cancer patients, including in some otherwise negative for established serum tumor markers.
Discussion
The VCP protein is a AAA+ ATPase associated with diverse cellular activities. VCP is necessary for the maintenance of cellular protein homeostasis and regulates the expression of proteins involved in many functions such as DNA replication, mitosis, protein degradation, endocytosis, membrane fusion, and organelle biogenesis. Specifically, VCP acts on ubiquitinated substrates synaptogenesis and myofibrogenesis (reviewed in [12] ). Some autosomal dominant mutations in the VCP gene cause inclusion body myopathy with Paget disease of the bone and frontotemporal dementia (IBMPFD) which is a rare, late age-onset inherited degenerative disorder that can affect the muscles, bones and brain [13] . In addition to essential functions in homeostasis, VCP was shown to regulate the half-life and levels of several proteins with cancer-modulating functions. For instance, VCP in cooperation with several ubiquitin ligases regulates the turn-over of IkappaB [14] , HIF-1 [15] , p53 [16] , or ErbB3 [17] . Mutations and/or misregulation of VCP functions in cancer cells are still not well characterized, as are their possible causative effects in tumorigenesis. Nevertheless, overexpression of VCP has recently been evidenced in situ in a wide array of human cancer types, and analyses of large patient cohorts demonstrated significantly increased expression levels of VCP by tumor cells often correlate with disease progression [18, 19, 20, 21, 22, 23, 24, 25] . However, the present report is the first to identify increased VCP levels in the serum of cancer patients. Taken together, our results indicate that VCP represents a highly sensitive, potentially clinically useful serum tumor marker for a variety of human cancers. Although its lack of specificity for a single cancer type suggests that it is unlikely that VCP serum measurement could be used as a screening tool, its sensitivity equivalent or superior to many commonly used markers indicates that it could be used in applications such as monitoring treatment efficacy, or monitoring for disease recurrence. Additionally, VCP could be used for diagnosis in conjunction with more cancer typespecific markers to increase the overall sensitivity of the assay. Screening of much larger cohorts will be required to determine the sensitivity of serum VCP measurement for the detection of different stages of cancer progression, and of different cancer subtypes. Furthermore, the specificity of VCP with regards to the detection of neoplastic vs non-neoplastic disease will need to be assessed before its usefulness as a tumor marker can be definitively established. As immunoblotting is limited both in terms of quantitativeness and technical practicality, large-scale screening will require the development of a high-throughput ELISA assay for VCP.
In summary, our results demonstrate that proteomic profiling of tumor secretomes from clinically relevant mouse models can lead to the identification of candidate circulating proteins associated with tumorigenesis in humans. We report that VCP is overexpressed in the serum of cancer patients, and that it may represent a new clinically useful marker for cancer detection.
Materials and Methods
Mice
Ctnnb1
tm1Mmt/+ ;Pten tm1Hwu/tm1Hwu ;Amhr2 tm3(cre)Bhr/+ (CPA) transgenic mice were generated as previously described [7] and maintained on a C57BL/6 genetic background. In these mice, constitutive activation of CTNNB1 signaling is due to the deletion of the third exon of Ctnnb1, resulting in the production of a dominant-stable CTNNB1 mutant protein that lacks the phosphorylation sites required for its proteosomal degradation [6] . CPA mice develop GCT perinatally and die before 8 weeks of age [7] . All animal procedures were approved by the Institutional Animal Care and Use Committee and were conform to the USPHS Policy on Humane Care and Use of Laboratory Animals.
Cell culture
Normal GC were isolated using the method described by Zeleznik et al. [26] . Briefly, immature (23-26 day-old) C57BL/6 mice were injected I.P. with 5 IU equine chorionic gonadotropin (eCG, Folligon, Intervet, Schering-Plough) to induce follicular growth. Forty-eight hours later, animals were sacrificed and the ovaries punctured with a 25-gauge needle to free GCs into the medium (0.9% NaCl). The cell suspension was centrifuged at 1,000 g for 5 min and resuspended GC were plated into 24 well plates at 70% confluency in DMEM/F12 medium (Sigma Aldrich) supplemented with 5% FBS (Invitrogen), penicillin and streptomycin (P/S). GCT from 21 to 25 day-old CPA mice were excised, minced with a size 10 scalpel blade and digested for 2 h with 0.1% collagenase from Clostridium histolyticum (Sigma) in serum-free DMEM with P/S. Cells were then centrifuged at 1,000 g for 10 min and resuspended in DMEM supplemented with 10% FBS and P/S prior to plating into 100 mm cell culture dishes ( 25610 6 cells/dish).
Differential secretome analyses
Twenty-four hours after plating, cultured GC and GCT cells were washed with HBSS (Invitrogen) and incubated for 24 h in serum-free DMEM. Supernatants were collected and concentrated 80-fold using Amicon Ultra-4 centrifugal filter units (Millipore) with a 3 kDa molecular weight cut-off. Protein concentrations were quantified using the method of Bradford (Bio-Rad protein assay) and 4-6 mg protein samples were separated by SDS-PAGE. Following silver staining, proteins bands found in GCT but not in GC samples (n = 14) were excised from the gel. The gel slices were destained with 50% methanol then reduced in 10 mM DTT for 1 hour at 56uC and alkylated in 55 mM chloroacetamide for one hour at room temperature. After washing in 50 mM ammonium bicarbonate, the gel pieces were shrunk in 100% acetonitrile (ACN). Digestion was performed using trypsin in 50 mM ammonium bicarbonate for 8 hours at 37uC. The peptides were finally extracted in 90% ACN/0.5 M urea and dried in a speed vacuum. Samples were resolubilized in 5% ACN with 2% formic acid (FA) and separated on a homemade C 18 column (150 mm610 cm) using an Eksigent nanoLC-2D system. A 56-min gradient from 5-60% ACN (0.2% FA) was used to elute peptides from a homemade reversed-phase column (150 mm i.d. 6100 mm) with a flow rate set at 600 nanoliter/min. The column was directly connected to a nanoprobe interfaced with an LTQOrbitrap Velos mass spectrometer (Thermo-Fisher). Each full MS spectrum was followed by twelve MS/MS spectra (thirteen scan events), where the twelve most abundant multiply-charged ions were selected for MS/MS sequencing. Tandem MS experiments were performed using collision-induced dissociation in the linear ion trap. The data were processed using the 2.1 Mascot (Matrix Science) search engine with tolerance parameters set to 15 ppm and 0.5 Da for the precursor and the fragment ions respectively. The selected variable modifications were carbamidomethyl (C), deamidation (NQ), oxidation (M) and phosphorylation (STY). The selected database was human IPI database v.3.54 with 150858 sequences. 
Serum samples
Serum samples from patients with breast, colon, lung, pancreatic or prostate cancer, or non-Hodgkin's lymphoma (n = 12 for each cancer type) were obtained from the Ontario Tumour Bank. Serum samples from healthy volunteers (n = 7) and patients with GCT (n = 9) or ovarian carcinoma (n = 8; 2 clear cell, 2 serous, 2 mucinous and 2 endometrioid ovarian cancers) were obtained from the Réseau de recherche du cancer du Fonds de recherche Québec -Santé. Procedures were approved by the FRQS-RRCancer Research Committee and the Ontario Cancer Research Ethics Board, as well as the Comité d'éthique de la recherche sur les sujets humains of the Centre hospitalier de l'Université de Montréal. Inhibin A and inhibin B levels were determined by ELISA at the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core. Values for inhibin A and B beneath the detection threshold (13 ng/l and 20 ng/l, respectively) were defined as normal. CA15.3 and CEA levels were determined by les Laboratoires du Centre Hospitalier de l'Université de Montréal. Values below 7 mg/l and 29 kU/l for CEA and CA 15.3, respectively, were considered normal. CA125 levels were determined using a commercially available ELISA assay kit and levels were considered as normal when below 35 U/ml (Abnova).
Immunoblot analyses
Serum samples (4 ml i.e. approximately 200 mg) were separated by SDS-PAGE on 10% acrylamide gels. The gels were transferred to polyvinylidene fluoride membranes (GE Amersham/VWR). Immunodetection was performed with HSPA4-or VCP-specific antibodies (clones ab75977 or ab11433 respectively, Abcam) and horseradish peroxidase-conjugated secondary antibodies (GE Amersham/VWR) and revealed using ECL Detection Reagents (GE Amersham/VWR). Quantification of the protein bands was performed by densitometry analyses using a Kodak Image Station 440CF and Kodak 1D v.3.6.5 software (Eastman Kodak, Rochester, NY). In order to normalize VCP or HSPA4 protein levels between immunoblots, each gel contained two or three common serum samples as references. The reference value for VCP was set as the mean of healthy control band intensities in immunoblot analyses+2SD.
Statistical analyses
One-way ANOVA with Dunnett's post-test was used to compare VCP levels in healthy women and cancer patients.
